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Table  1.  List  of  figutes,  testing  conditions  and  microstructural  observations 
for  Nickelvac  C-276  . 


Nickelvac  C-276 


Introduction 

Nickelvac  C-276  alloy  is  known  for  its  high  strength  retention  and  oxidation  resistance  at 
elevated  temperatures.  The  alloy  has  a  hi^  resistance  to  pitting  and  crevice  corrosion  due  to  its 
higher  molybdenum  content.  In  many  applications,  the  alloy  is  selected  because  of  its  capability  to 
withstand  severe  corrosion  conditions.  The  understanding  of  mechanical  and  microstructural 
behavior  during  hi^  temperature  deformation  is  very  important  for  the  forming  processes  of  this 
material.  In  this  investigation,  flow  behavior  of  Nickelvac  C-276  was  studied  by  conducting 
compression  tests  at  various  temperatures  and  strain  rates.  Constitutive  relations  were  determined 
from  the  flow  behavior  and  then,  a  dynamic  material  modeling  for  this  alloy  was  performed.  Thus, 
the  optimum  processing  conditions  in  terms  of  temperature  and  strain  rate  were  determined. 
Microstructural  changes  during  high  temperature  deformation  were  also  characterized  to  aid  process 
design  engineers  to  select  processing  conditions  in  terms  of  resulting  microstructure. 

Experimental  Procedure 

The  material  used  in  this  investigation  was  commercially  available  Nickelvac  C-276  solution 
treated  at  1 135  C  for  half  an  hour  and  water  quenched.  The  typical  microstructure  of  the  as-received 
material  consists  of  twinned  uniform  equiaxed  grains  with  an  average  size  of  131  pm  (ASTM  2.5)  as 
shown  in  Figure  1 .  The  chemical  composition  is  as  follows  (wt%),  Ni  (bal.): 

C  S  Mn  Si  Cr  Co  Fe  Mo  W  V  P 

0.002  0.0005  0.41  0.04  15.19  0.30  5.05  15.03  3.22  0.23  0.022 

Cylindrical  compression  test  specimens  with  a  diameter  of  12.7  mm  and  a  height  of  15.9  mm 
were  machined  from  the  bars.  Isothermal  compression  tests  were  conducted  on  an  MTS  testing 
machine  in  vacuum.  The  test  matrix  was  as  follows: 

Temperature,  C  (F):  950  (1742),  1000  (1832),  1050  (1922),  1 100  (2012),  1 125  (2057),  1150 

(2102),  and  1200  (2192); 

Strain  rate,  s’h  0.001,  0.01,  0.05,  0.1,  0.5,  1,  5  and  20. 

Load  and  stroke  data  from  the  tests  were  acquired  by  a  computer  and  later  converted  to  true 
stress-true  strain  curves.  Immediately  after  the  compression  test,  the  specimens  were  quenched  with 
forced  helium  gas  in  order  to  retain  the  deformed  microstructure.  Longitudinal  sections  of  the 
specimens  were  examined  by  optical  microscopy.  The  photomicrographs  presented  were  taken  from 
the  center  of  the  lon^tudinal  section  of  the  specimens. 

Results 

Table  1  is  a  list  of  the  figures,  test  conditions  and  the  observed  microstructures.  The  true 
stress-true  strain  flow  curves  wth  selective  corresponding  deformed  microstructure  are  shown  in 
Figure  2  to  Figure  57.  True  stress  versus  strain  rate  was  plotted  in  log-log  scale  in  Figure  58  at  a  true 
strain  of  0.5.  The  slope  of  the  plot  gives  the  strain  rate  sensitivity  m,  which  is  not  constant  over  the 
range  of  strain  rate  tested.  Log  stress  vs.  1/T  at  the  same  true  strain  is  shown  in  Figure  59.  A 
processing  map  at  this  strain  was  developed  and  is  shown  in  Figure  60.  The  optimum  processing 
condition  from  the  map  can  be  obtained  by  selecting  the  temperature  and  strain  rate  combination 
which  provides  the  maximum  efficiency  in  the  stable  region.  This  condition  is  approximately  1075  C 
and  10‘3  s'^  for  this  material. 
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Table  1 .  List  of  figures,  testing  conditions  and  microstructural  observations  for  Nickelvac  C-276 


Figure  Temperature 
No  C(F) 


1  I  As  received 


950(1742) 


IK^nESSlI 


950 (1742) 


im^nsESM 

lEsaaESEOi 

IKSHEEBl 

IKSHEEBl 


950(1742) 


1000  (1882) 


1000(1882) 


1000  (1882) 


1050  (1922) 


1050  (1922) 


ITigillOai 


24 


25  1050  (1922) 


Stram  Rate 
s-1 


0.001 


1050  (1922)  I  0.001 


immiEimi 


Microstructure 
Optical  Microsco 


Large  equiaxed  grains  presenting  extensive 
twinning.  A  uniform  grain  size  of  131  pm  (2.5 
ASTM)  was  measured. 


Deformed  grains  showing  necklacing  at  the  grain 
boundaries.  An  aspea  ratio  of  3:1  was  measured  in 
the  strained  erains. 


Same  as  above,  but  there  is  lesser  amount  of 
necklacin 


Same  as  above.  Dynamic  recovery  is  shown  by  the 
presence  of  sub-grain  formation  in  the  deformed 


Same  as  above,  but  nwre  than  60  %  of  the  deformed 
grains  have  a  substructure  with  a  subgrain  size  of 
~llum. 


Same  as  above,  but  ~60%  of  the  strained  grains 
have  a  substructure  (subeiain  size  ~9iun). 


100%  recrystallized  equiaxed  grains. 
Approximately  95%  of  the  grains  ate  small  and  have 
a  size  of  ~35pnL  The  larger  grains  have  a  size 
>100iun.  There  is  also  the  presence  of  some  twins. 


Approximately  70%  of  the  microstructure  shows 
recrystallized  equiaxed  grains  with  an  average  size 
of  10  pm.  The  new  recrystallized  grains  have  fewer 
twins.  30%  of  the  grains  are  still  deformed. 


Elongated  grains  and  ^roximately  60%  of  the 
micTostructure  consists  of  new  recrystallized 
equiaxed  grains  with  a  non-uniform  size  (average 
size  was  estimated  ~18  pm).  Very  little  twinning 
was  observed. 


~40%  recrystallization.  The  new  equiaxed  grains 
have  an  irregular  size  (approximately  15  pm)  and 
present  extensive  twinning. 
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26  1100(1212) 


27  1100(1212) 


0.001 


iroiTiIIMCT 


28 


29  1100(1212) 


30 


31  1100(1212) 


32 


33  1100(1212) 


34  1125(2057) 


0.001 


100  %  reaystallized  equiaxed  grains  with  a  non- 
uniform  size  (average  ^m).  Twinning  is  present 
in  the  microstructure. 


Same  as  above,  but  smaller  grain  size  (average  -SO 


Fully  recrystallized  equiaxed  grains  with  an 
irregular  size  ranging  from  10  to  68  pm.  However, 
the  majority  of  the  grains  have  an  average  size  of  24 
pm.  Approximately  10  %  of  the  equiaxed  grains 
have  a  size  of  68  pm. 


More  than  95%  of  the  microstructure  has 
reaystallized  equiaxed  grains  with  a  non-uniform 
grain  size.  The  new  grains  show  twinning. 


More  than  75  %  of  the  microstructure  has  deformed 
grains  with  an  aspect  ratio  of  ~2:1,  and  necklacing 
at  the  grain  teundaries  is  observed.  100% 
recrystallization  at  the  twin  boundaries  is  observed. 


100%  reaystallized  equiaxed  grains  with  a  non- 
uniform  grain  size  (average  ~54  pm).  Twiiming  is 
also  observed. 


36  I  1125(2057) 


1125(2057) 


1125(2057) 


1150(2102)  0.001 


1150(2102) 


wsmamt 


1150 (2102) 


fiatTOriaii 


48 


49 


50  1200  (2192) 


5 


20 


0.001 


100%  reaystallized  equiaxed  grains  with  a  non- 
uniform  size  (average  ~45  pm).  Twins  are  also 
present. 


Same  as  above,  but  the  average  grain  size  is  smaller 
than  45 


100  %  reaystallized  equiaxed  grains  with  a  non- 
uniform  size  (also  smaller  than  45  pm).  Some 
twiiming  is  also  present 


100%  reaystallized  equiaxed  grains  with  a  non- 
uniform  grain  size  (average  -65  pm).  Some  twins 
are  also  present  in  the  microstructure. 


Same  as  above,  but  the  average  grain  size  is 
approximatelv  50pm 


Same  as  above,  but  the  average  grain  size  is  smaller 
than  50 


100%  reaystallized  equiaxed  grains  with  a  non- 
uniform  grain  size  (  average  ~45  pm).  There  is  also 
some  twinning. 


n  size  smaller  than  45 


100%  reaystallized  equiaxed  grains  with  a  grain 
size  ranging  from  39pm  to  220pm.  The  smaller 
proportion  is  within  the  39pm  range  and,  the 
majority  have  an  average  size  of  82  pm.  There  is 
also  the  presence  of  some  twinning  . 


Same  as  above,  but  smaller  grain  size. 
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Figure  1.  As-received  microstructure  ofNickelvac  C-276 
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True  Stress  (MPa) 


Figure  2.  True  stress-true  strain  curve  and  an  optica!  micrograph  from  the  center  of  the  compressed 
sample  cut  through  the  compression  axis,  950  C  and  0.001  s'T 


True  Stress  (MPa) 


Figure  4.  True  stress-true  strain  curve  and  an  optical  micrograph  from  the  center  of  the  compressed 
sample  cut  through  the  compression  axis,  950  C  and  0.05  s'^ . 


7 


True  Stress  (MPa) 
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Figure  6.  True  stress-i 
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True  Stress  (MPa) 


Figure  7.  True  stress-true  strain  curve  and  an  optical  micrograph  from  the  center  of  the  compressed 
sample  cut  through  the  compression  axis,  950  C  and  1  s'T 


True  Stress  (MPa) 


Figure  8.  True  stress-true  strain  curve,  950  C  and  5  s'T 
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True  Stress  (MPa) 


Figure  9.  True  stress-true  strain  curve  and  an  optica!  micrograph  from  the  center  of  the  compressed 
sample  cut  through  the  compression  axis,  950  C  and  20  s'T 
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True  Stress  (MPa) 


Figure  10.  True  stress-true  strain  curve  and  an  optical  micrograph  from  the  center  of  the  compressed 
sample  cut  through  the  compression  axis,  1000  C  and  0.001  s'T 
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True  Stress  (MPa) 


True  Stress  (MPa) 


Figure  12.  True  stress-true  strain  curve,  1000  C  and  0.05  s'T 
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True  Stress  (MPa) 


True  Stress  (MPa) 
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Figure  15.  True  stress-true  strain  curve  and  an  optical  micrograph  from  the  center  of  the  compressed 
sample  cut  through  the  compression  axis,  1000  C  and  1  s‘V 
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True  Stress  (MPa) 
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Figure  17.  True  stress-true  strain  curve  and  an  optical  micrograph  from  the  center  of  the  compressed 
sample  cut  through  the  compression  axis,  1000  C  and  20  s~  V 


True  Stress  (MPa) 


Figure  18.  True  stress-true  strain  curve  and  an  optical  micrograph  from  the  center  of  the  compressed 
sample  cut  through  the  compression  axis,  1050  C  and  0.001  s'T 
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True  Stress  (MPa) 


Figure  19.  True  stress-true  strain  curve,  1050  C  and  0.01 


True  Stress  (MPa) 


True  Stress  (MPa) 


Figure  21 .  True  stress-true  strain  curve,  1050  C  and  0.1  s*T 
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True  Stress  (MPa) 


Figure  22.  True  stress-true  strain  curve,  1050  C  and  0.5  s'T 
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True  Stress  (MPa) 


Figure  23.  True  stress-true  strain  curve  and  an  optical  micrograph  from  the  center  of  the  compressed 
sample  cut  through  the  compression  axis,  1050  C  and  1  s"' 
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True  Stress  (MPa) 


Figure  24.  True  stress-true  strain  curve,  1050  C  and  5  s"T 
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Figure  25.  True  stress-true  strain  curve  and  an  optical  micrograph  from  the  center  of  the  compressed 
sample  cut  through  the  compression  axis,  1050  C  and  20  s"' . 
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Figure  26.  True  stress-true  strain  curve  and  an  optical  micrograph  from  the  center  of  the  compressed 
sample  cut  through  the  compression  axis,  1 100  C  and  0.001  s'T 
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Figure  27.  True  stress-true  strain  curve  and  an  optical  micrograph  from  the  center  of  the  compressed 
sample  cut  through  the  compression  axis,  1 100  C  and  0.01  s'^ . 


True  Stress  (MPa) 


Figure  28.  True  stress-true  strain  curve,  1 100  C  and  0.05  s"T 
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True  Stress  (MPa) 


True  Stress  (MPa) 


Figure  30.  True  stress-true  strain  curve,  1 100  C  and  0.5  s' T 
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True  Stress  (MPa) 


400 


Figure  3] .  True  stress-true  strain  curve  and  an  optical  micrograph  from  Ihe  center  of  the  compressed 
sample  cut  through  the  compression  axis,  1100  C  and  1  s‘T 
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True  Stress  (MPa) 


True  Strain 


Figure  32.  True  stress-true  strain  curve,  1 100  C  and  5  s’T 
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True  Stress  (MPa) 


Figure  33.  True  stress-true  strain  curve  and  an  optical  micrograph  from  the  center  of  the  compressed 
sample  cut  through  the  compression  axis,  1 100  C  and  20  s‘T 
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Figure  34.  True  stress-true  strain  curve  and  an  optical  micrograph  from  the  center  of  the  compressed 
sample  cut  through  the  compression  axis,  1 125  C  and  0.001  s‘^ . 
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True  Stress  (MPa) 
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True  Stress  (MPa) 


Figure  36.  True  stress-true  strain  curve  and  an  optical  micrograph  from  the  center  of  the  compressed 
sample  cut  through  the  compression  axis,  1 125  C  and  0.05  s'T 


Figure  37.  True  stress-i 


I  strain  curve,  1 125  C  and  0.1  s’V 
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True  Stress  (MPa) 
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True  Stress  (MPa) 


Figure  39.  True  stress-true  strain  curve  and  an  optical  micrograph  from  the  center  of  the  compressed 
sample  cut  through  the  compression  axis,  1 125  C  and  1  s'T 


True  Stress  (MPa) 


Figure  40.  True  stress-true  strain  curve,  1 125  C  and  5  s"T 
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Figure  41.  True  stress-true  strain  curve  and  an  optical  micrograph  from  the  center  of  the  compressed 
sample  cut  through  the  compression  axis,  1 125  C  and  20  s"  V 


True  Stress  (MPa) 


Figure  42.  True  stress-true  strain  curve  and  an  optical  micrograph  from  the  center  of  the  compressed 
sample  cut  through  the  compression  axis,  1 150  C  and  0.001  s*T 


True  Stress  (MPa) 


Figure  43.  True  stress-true  strain  curve  and  an  optical  micrograph  from  the  center  of  the  compressed 
sample  cut  through  the  compression  axis,  1 150  C  and  0.01  s'T 
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True  Stress  (MPa) 


True  Stress  (MPa) 


Figure  45.  True  stress-true  strain  curve  and  an  optical  micrograph  from  the  center  of  the  compressed 
sample  cut  through  the  compression  axis,  1 1 50  C  and  0.1  s'T 


True  Stress  (MPa) 
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True  Stress  (MPa) 


Figure  47.  True  stress-true  strain  curve  and  an  optical  micrograph  from  the  center  of  the  compressed 
sample  cut  through  the  compression  axis,  1 150  C  and  1  s'T 
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True  Stress  (MPa) 


Figure  49.  True  stress-true  strain  curve  and  an  optical  micrograph  from  the  center  of  the  compressed 
sample  cut  through  the  compression  axis,  1 1 50  C  and  20  s'T 
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True  Stress  (MPa) 


Figure  50.  True  stress-true  strain  curve  and  an  optical  micrograph  from  the  center  of  the  compressed 
sample  cut  through  the  compression  axis,  1200  C  and  0.001  s‘T 
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True  Stress  (MPa) 


Figure  51.  True  stress-true  strain  curve,  1200  C  and  0.01  s"T 
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True  Stress  (MPa) 


Figure  S3.  True  stress>true  strain  curve  and  an  optical  micrograph  from  the  center  of  the  compressed 
sample  cut  through  the  compression  axis,  1200  C  and  0. 1  s~^ . 
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True  Stress  (MPa) 


Figure  54.  True  stress-true  strain  curve,  1200  C  and  0.5  s"T 
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True  Stress  (MPa) 


Figure  55.  True  stress-true  strain  curve  and  an  optical  micrograph  from  the  center  of  the  compressed 
sample  cut  through  the  compression  axis,  1200  C  and  1  s'T 
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True  Stress  (MPa) 
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Figure  57.  True  stress-true  strain  curve  and  an  optical  micrograph  from  the  center  of  the  compressed 
sample  cut  through  the  compression  axis,  1200  C  and  20  s~^. 
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Figure  58.  Effect  of  strain  rate  on  stress  in  log-log  scale  at  a  true  strain  of  0.5  for  Nickelvac  C-276. 
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Log  strain  Rate(fi-i) 


Figure  60.  Processing  map  of  Nickelvac  C-276  at  a  true  strain  of  0.5. 
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Summary 


Compression  tests  have  been  performed  on  Nickelvac  C-276  over  a  wide  range  of 
temperatures  and  strain  rates.  The  experimental  conditions  used  in  this  work  are  representative  of 
those  used  in  metalforming  practices.  From  the  stress-strain  curves,  the  flow  behavior  was 
characterized  and  a  processing  map  indicating  the  optimum  processing  condition  was  generated.  This 
condition  is  1075  C  and  10’3  s"l. 

The  deformed  microstructures  were  characterized  fi'om  the  quenched  specimens  by  optical 
microscopy  and  are  presented,  for  selective  testing  conditions  only,  under  the  stress-strain  curves. 

Implementation  of  Data  Provided  by  the  Atlas  of  Formability 

The  Atlas  of  Formability  program  provides  ample  data  on  flow  behavior  of  various  important 
engineering  materials  in  the  temperature  and  strain  rate  regime  commonly  used  in  metalworking 
processes.  The  data  are  valuable  in  design  and  problem  solving  in  metalworking  processes  of 
advanced  materials.  Microstructural  changes  with  temperature  and  strain  rates  are  also  provided  in 
the  Bulletin,  which  helps  the  design  en^eer  to  select  processing  parameters  leading  to  the  desired 
microstructure. 

The  data  can  also  be  used  to  construct  processing  map  using  dynamic  material  modeling 
approach  to  determine  stable  and  unstable  regions  in  terms  of  temperature  and  strain  rate.  The 
temperature  and  strain  rate  combination  at  the  highest  efflciency  in  the  stable  region  provides  the 
optimum  processing  condition.  This  has  been  demonstrated  in  this  Bulletin.  In  some  metalworking 
processes  such  as  forging,  strain  rate  varies  within  the  workpiece.  An  analysis  of  the  process  with 
finite  element  method  (FEM)  can  ensure  that  the  strain  rates  at  the  processing  temperature  in  the 
whole  workpiece  fall  into  the  stable  regions  in  the  processing  map.  Furthermore,  FEM  analysis  with 
the  data  fi'om  the  Atlas  of  Formability  can  be  coupled  with  fi^cture  criteria  to  predict  defect 
formation  in  metalworking  processes. 

Using  the  data  provided  by  the  Atlas  of  Formability,  design  of  metalworking  processes, 
dynamic  material  modeling,  FEM  analysis  of  metalworking  processes,  and  defect  prediction  are 
common  practice  in  Concurrent  Technologies  Corporation.  Needs  in  solving  problems  related  to 
metalworking  processes  can  be  directed  to  Dr.  Prabir  K.  Chaudhury,  Manager  of  Forming 
Department,  by  calling  (814)  269-2594. 
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